Ischemic right ventricular free wall dysfunction is common in patients with acute transmural inferoposterior left ventricular myocardial infarction and often results in depressed global right ventricular performance and hemodynamic compromise characterized by predominant right heart failure and low output.1-4 However, despite potentially life-threatening acute hemodynamic effects, most patients manifest spontaneous clinical improvement within 3 to 10 days, irregardless of the patency status of the infarct-related artery. [5] [6] [7] Furthermore, global right ventricular performance typically recovers over several weeks, with subsequent return of right ventricular ejection fraction to near-normal levels within 3 to 12 months. [8] [9] [10] [11] Moreover, chronic unilateral right heart failure secondary to right ventricular infarction is rare.' This favorable natural history of right ventricular performance is in marked chanically ventilated, using a 3:1 mixture of nitrous oxide and oxygen. Morphine sulfate (1 mg/kg SQ every hour) was administered for analgesia. With sterile techniques, both femoral arteries and veins, a carotid artery, and a jugular vein were surgically isolated and cannulated with vascular sheaths (Cordis Corp). A flotation right heart thermodilution catheter (American Edwards Corp) was positioned in the pulmonary artery. Dual pressure sensor micromanometer-tipped catheters (Millar Instruments) were inserted for measurement of right atrial, right ventricular, and left ventricular pressures. A left atrial catheter (Cordis Corp) was placed retrograde for pressure measurement and injection of microspheres. The micromanometer catheters were zeroed electronically under water in a darkened room. Ventilation was adjusted to maintain arterial blood gases within the physiological range. Core body temperature was maintained with the aid of a heating blanket.
Data Acquisition
Transthoracic echocardiograms (Hewlett-Packard Instruments) were obtained with animals in the right lateral recumbent position on a custom-built platform designed with a cutout to facilitate transducer positioning from a right intercostal window. In this position, a 5-MHz transducer was placed on the point of maximal impulse, and its position was adjusted to obtain maximal right ventricular and left ventricular volumes at the mid-left ventricular papillary muscle level. Two-dimensional and M-mode images were recorded on 1/2-in. videotape for later quantitative off-line analysis with a calibrated microcomputer system (Hewlett-Packard Instruments). Atrial and ventricular pressures were digitized on-line (500 samples per second, Gould Medical Instruments), and all pressures and the ECG were recorded on both an eight-channel direct writing stripchart (Gould Medical Instruments) and a photographic recorder (Honeywell Instruments). Coronary angiograms were recorded on cineangiographic film at 30 frames per second. Experimental Protocol Baseline studies. After completion of instrumentation, antiarrhythmic agents (lidocaine, 1 mg/kg IV bolus followed by a 2-mg/min infusion and procainamide 15 mg/kg loading dose over 1 hour followed by a 3-mg * kg-1 . h-' infusion) were administered to prevent ventricular arrhythmias. Hemodynamic and echocardiographic measurements were recorded, and radioactive microspheres were injected. The right coronary artery was engaged with an 8F Judkins 4-cm right coronary guiding catheter (Shiley Catheters), and coronary angiography was performed with nonionic contrast (Omnipaque 350, Winthrop Pharmaceuticals).
Acute right coronary artery occlusion. A steerable 0.038-in. guide wire with an exchange extension (Wholey wire, Advanced Catheter Systems) was advanced through the guide catheter and positioned in the distal right coronary artery, and the guide catheter was removed. One to three copper coils (diameter, 1 .75 mm; length, 4 mm) were advanced over the guide wire with the aid of a tapered SF catheter (National Institutes of Health) and positioned in the proximal right coronary artery. The guide wire and SF catheter were then removed. The onset of right coronary artery occlusion was detected by monitoring alterations in the morphology of the right ventricular pressure waveform and right ventricular free wall motion by echocardiography. Occlusion was then confirmed by angiography. Transthoracic DC cardioversion was used for sustained ventricular arrhythmias. Hemodynamic and echocardiographic measurements were obtained immediately and 1 hour after angiographic confirmation of occlusion. Microspheres were injected 1 hour after occlusion. The catheters and sheaths were then removed, the access vessels were ligated, and the wounds were repaired. The animals were then recovered in a chronic facility. Antibiotics were administered subcutaneously for 3 days, and analgesics were given as necessary.
Chronic noninvasive follow-up. Transthoracic echocardiograms were obtained on day 5 and 1, 2, and 4 weeks after occlusion, with animals conscious but sedated (morphine sulfate 0.5 mg/kg SQ).
Late invasive study. Repeat invasive evaluation was performed at 7 weeks, using the same preparation used for the baseline studies. After instrumentation, hemodynamic and echocardiographic measurements were obtained, microspheres were injected, and right coronary artery angiography was performed. After completion of each experiment, the animals were killed, and the hearts were excised for post mortem analysis. All experiments conformed to the position of the American Heart Association on research animal use Fig 4) . Fig 1) . Right ventricular free wall function had recovered dramatically compared with acute occlusion, as indicated by improved wall motion score and systolic thickening (Tables 2 and 3, Figs 2 and 3) . Although right ventricular free wall function appeared near normal in some animals (Fig 3) , in most instances persistent right ventricular free wall motion abnormalities were evident, with the middle right ventricular free wall segment most frequently and severely involved (Table 3, Fig 2) . There was also marked improvement in global right ventricular performance relative to acute occlusion levels ( Fig 4) . There was improvement in but lesser recovery of right ventricular diastolic function, as evidenced by increased but impaired right ventricular maximum (-)dP/dt, diminished but persistent right ventricular dilatation, and reduced but still elevated right ventricular filling pressures (Tables 1 and 2 , Figs 2 through 4) . However, septal curvature and left ventricular end-diastolic size had normalized (Table 2 , Figs 2 and 3) , and the pattern of diastolic pressure equalization had resolved (Fig 4) . Left ventricular systolic performance returned to baseline levels, as evidenced by increases in left ventricular peak systolic pressure, stroke volume, and cardiac output (Table 1) .
Pathological and Blood Flow Analyses
In each animal, gross pathological examination demonstrated a discrete region of transmural infarction with wall thinning (Fig 5) , predominantly localized in the middle right ventricular free wall segments. Areas of patchy infarction without subendocardial predominance extended from the transmural infarct epicenter toward bordering areas of adjacent anterior and posterior segments (Fig 5) . Gross chamber size and function. The RVfree wall (arrow) thickened and shortened toward the interventricular septum. Acute right coronary artery occlusion led to RV free wall dyskinesis (small arrows) and lack of active thickening or shortening. RV end-diastolic area (ED) was markedly increased, and RV ejection fraction was depressed. Diastolic septal curvature was reversed (arrows) and LVend-diastolic area (ED) decreased. In systole, the interventricular septum bulgedparadoxically into the RVcavity (open arrow). At 5 days, thickening and shortening ofthe anterior andposterior RVfree wall segments had improved but were still depressed. The dyskinetic middle segment had become akinetic (small solid arrows) in association with increased end-diastolic thickness (large solid arrows) and global RVperformance was markedly enhanced, as indicated by decreased RV diastolic area and increased RVfractional area change. LVend-diastolic area was increased, and septal curvature improved. At (Table 3) . Microsphere determinations documented that flow was reduced to 40% or less of baseline in more than half of microscopic sections (Fig 6) . Right ventricular free wall perfusion was most severely depressed in the mid-right ventricular free wall ( Under these conditions, right ventricular performance is determined by global left ventricular and interventricular septal contractile contributions transmitted through systolic interactions mediated by the septum.14-'8 When contraction of its free wall is profoundly depressed, right ventricular systolic pressure and stroke work are generated by primary septal contraction and through mechanical displacement of the septum into the right ventricular cavity associated with paradoxical septal motion. Global right ventricular performance is influenced as well by the extent of mechanical disadvantage imposed by the dyskinetic right ventricular free wall'6'7 which, analogous to the behavior of dyssynergic segments in the left ventricle,28-30 must be stretched to the maximum extent of its systolic lengthening before generation of effective intracavitary pressure sufficient to produce ejection. Left ventricular-septal contractions stretch the dyskinetic right ventricular free wall through interventricular interactions that reduce their contributions to both right ventricular and left ventricular performance. 16"17 Disproportionate Early Improvement in Global Right Ventricular Performance
Appreciation of the deleterious effects of right ventricular free wall dyskinesis is a concept essential to an understanding of the mechanisms underlying early recovery of global right ventricular performance following right coronary artery occlusion. At day 5, global right ventricular function was markedly improved, even though overall right ventricular free wall motion and systolic thickening were still severely depressed. The minimal recovery of contraction in the anterior and posterior right ventricular free wall segments did not alone appear sufficient to account for the striking improvement in global right ventricular performance. Therefore, other factors must contribute to this enhanced right ventricular function. One such mechanism is likely related to decreased right ventricular free wall dyskinesis associated with increased right ventricular free wall end-diastolic thickness. It is known that factors that reduce the magnitude of segmental dyskinesis diminish the mechanical disadvantage imposed by such dyssynergic segments and thereby improve global ventricular performance.16'29'31'32 The striking increments in right ventricular free wall end-diastolic thickness observed in the present study appeared to stiffen the dyskinetic right ventricular free wall, thereby reducing the extent of its mechanically deleterious systolic expansion and thus permitting more effective left ventricular-septal contributions to global right ventricular performance. Previous studies have documented that reperfusion-induced increased regional stiffness results in analogous disproportionate recovery of global left ventricular performance despite persistent regional left ventricular dysfunction. 33 The magnitude of these mechanical benefits is emphasized by the fact that global right ventricular performance improved despite a diminution in the extent of compensatory paradoxical septal motion, likely reflecting a reduction in interventricular unloading due to reduced right ventricular free wall dyskinesis. In the present study, abundant collaterals restored right ventricular free wall perfusion to baseline levels and are undoubtedly responsible for the limited extent right ventricular free wall function observed. Acute occlusion resulted in diffuse ischemia and dyskinesis of the right ventricular free wall. The dramatic recovery of contractile function throughout the right ventricular free wall occurred in association with restoration of myocardial perfusion to all right ventricular free wall segments, despite angiographic documentation of persistent right coronary artery occlusion. Therefore, the maintenance of right ventricular free wall viability must be attributable to restoration of flow by collaterals. In fact, prominent "ipsicollaterals" were documented at the time of late angiography. Furthermore, although left coronary injections were not performed, given that right coronary artery occlusion favors development of a left-to-right transcoronary gradient, it is likely that "contracollaterals" from the left coronary system contributed as well. It is also possible that, to a lesser extent, nutritive flow to right ventricular myocardium from the right ventricular cavity through thebesian channels also contributed to restoration of perfusion.
These findings are consistent with prior experimental studies of right coronary artery occlusion emphasizing the protective role of collaterals. In a canine preparation using prolonged right coronary artery occlusion, Donald and Essex55 demonstrated acute systolic bulging of the right ventricular free wall but later gross recovery of right ventricular free wall contraction associated with brisk collateral filling of the right coronary artery; however, extensive right ventricular free wall scarring was observed in the few animals without demonstrable collaterals. Furthermore, the limited patchy right ventricular infarction pattern presently observed, a signature of collateral modification of infarct size, has also been documented in previous experimental studies.26 4855 In contrast, acute right coronary artery occlusion in pigs, a species notorious for its lack of acute functional collaterals, results in a time-dependent wave front of right ventricular myonecrosis similar to that seen in the left ventricle.56 Yet, when right coronary artery occlusions are induced gradually in this model, the salutary effects of abundant collaterals preclude the development of right ventricular infarction.57 However, no previous study of chronic right coronary artery occlusion has documented the natural history of hemodynamic abnormalities, determinants of right ventricular performance, or their relation to blood flow and histopathological alterations.
Clinical Implications
The present findings are consistent with observations in patients with acute ischemic right ventricular dysfunction, in whom global right ventricular performance is similarly determined by compensatory left ventricular-septal contractile contributions.14 The early improvement in global right ventricular function observed in the present study correlates in time with the spontaneous hemodynamic improvement commonly seen in such patients.5-11 Whether stiffening of the dyskinetic right ventricular free wall due to increased diastolic thickness is a mechanism that contributes to improvement in patients as in these experimental studies and what role reestablishment of perfusion by antegrade or collateral routes may play require confirmation in clinical studies. As observed in the present experimental of right ventricular infarction and striking recovery of study, diminished adverse diastole interactions associby guest on November 19, 2017 http://circ.ahajournals.org/ Downloaded from ated with enhanced right ventricular performance and improved myocardial/pericardial compliance may contribute to both early and late clinical hemodynamic recovery.
The spontaneous late recovery of right ventricular performance despite persistent right coronary artery occlusion is consistent with the natural history of global right ventricular function in patients with right ventricular infarction. [8] [9] [10] [11] This remarkable resilience of the right ventricle compared with the left ventricle is undoubtedly attributable to more favorable oxygen supplydemand characteristics in general and a greater propensity to functional left-to-right collateral development after both acute and chronic right coronary artery occlusions in particular.52-54'58 Given the tendency to improvement in right ventricular function over time regardless of the patency status of the infarct-related artery and the rarity of chronic isolated right heart failure due to chronic right coronary artery occlusion, the term right ventricular "infarction" may be somewhat of a misnomer. That is, in most patients a substantial proportion of acute right ventricular wall motion abnormalities likely represents ischemic but viable myocardium.
These findings may have therapeutic implications. Although the salutary effects of timely reperfusion on left ventricular function and mortality are well documented,53,59 the benefits to right ventricular function and clinical outcome in patients with right ventricular infarction are less clear.60-62 The present observations suggest that the right ventricle is more resistant to infarction and thus better able to withstand more severe and prolonged ischemia than the left ventricle. Whether early (or late) interventions designed to restore perfusion can alter the natural history of right ventricular dysfunction and prognosis of patients with acute right ventricular ischemia requires further study.
Summary
These findings demonstrate that acute right coronary artery occlusion results in right ventricular free wall dyskinesis and depressed global right ventricular function. Global right ventricular performance improves early after chronic right coronary artery occlusion, despite persistent right ventricular free wall dysfunction. This disproportionate recovery in global function is attributable, in part, to reduced right ventricular free wall dyskinesis associated with spontaneous increments in right ventricular free wall end-diastolic thickness. Collateral restoration of perfusion facilitates later recovery of right ventricular free wall function, which contributes to further improvement in global right ventricular performance.
